Abstract This work presents the structural and adsorption properties of the CaCO 3 − -rich Corbicula fluminea shell as a natural and economic adsorbent to remove Cd ions from aqueous solutions under batch studies. Experiments were conducted with different contact times, various initial concentrations, initial solution pH and serial biosorbent dosage to examine the dynamic characterization of the adsorption and its influence on Cd uptake capacity. The characterization of the C. fluminea shell using SEM/EDX revealed that the adsorbent surface is mostly impregnated by small particles of potentially calcium salts. The dominant Cd adsorption mechanism is strongly pH and concentration dependent. A maximum Cd removal efficiency of 96.20 % was obtained at pH 7 while the optimum adsorbent dosage was observed as 5 g/L. The Langmuir isotherm was discovered to be more suitable to represent the experimental equilibrium isotherm results with higher correlation coefficients (R 2 >0.98) than Freundlich (R 2 <0.97).The correlation coefficient values (p<0.01) indicated the superiority of the Langmuir isotherm over the Freundlich isotherm.
Introduction
Heavy metal removal from wastewater is of great concern in the field of water pollution, as it can cause serious deterioration of the ecosystem due to improper discharge. Moreover, heavy metal contamination in the environment leads to serious health problems due to their accumulation in living tissue throughout the food chain as non-biodegradable pollutants (Yahaya et al. 2011) .
Many advanced methods have been introduced for the treatment of metal containing effluents, such as chemical precipitation, electrochemical treatment, chemical oxidation or reduction, reverse osmosis, solvent extraction and ion exchange. However, the use of chemical addition in most of these technologies has many disadvantages-high cost, low selectivity, incomplete metal removal and generation of secondary pollution as well as toxic slurries that are difficult to eliminate and handle (Sheela and Nayaka 2012) . For example, when chemical substances from the base compound is added, the final dissolved concentrations are still above those expected desirable values and do not attain the limit of pollutants required by law due to the complexation with inorganic and organic ligands of the water (Sanchez et al. 1999) .
In recent years, the adsorption technique has been used extensively to remove toxic metals not only from aqueous solutions but also from polluted soils and desalination plant. Adsorption has been found to be more useful, efficient and economic for the removal of heavy metals from effluent. The process is superior to many other methods of water decontamination by virtue of its low initial cost, simplicity of design, low energy requirements, as well as natural availability and abundance in the environment. Adsorption onto various materials of granular activated carbons has unquestionably been the most popular and widely used adsorbent in wastewater treatment throughout the world. However, the manufacture of activated carbon is very expensive and remains a costly material. Therefore, worldwide attention has shifted to low-cost alternative adsorbents, particularly natural or industrial waste materials. Commonly, natural adsorbents are derived from agricultural residue, industrial by-products and the fishery industry. The advantages of these approaches are that they are low cost, non-hazardous, abundant in the natural environment and have high efficiency.
Emphasizing their high adsorption capacity, mollusc shells, which are capable of removing many metals over a wide pH range to a much lower dissolved concentration than other adsorbents, make them excellent in removing heavy metals under extreme conditions. In addition, several studies on heavy metal removal demonstrated the intensity of mollusc shells in eliminating heavy metals (Suteu et al. 2012; Du et al. 2011; Liu et al. 2009; Bucca et al. 2007; Kohler et al. 2007 ; Gillikin et al. 2006; Tudor et al. 2006; Prieto et al. 2003) . The natural low-cost material proposed in this study is represented by the shell of Corbicula fluminea, the local name of which is basket clam. There was no modification made in order to reduce the cost, time and energy of the whole treatment process. The C. fluminea shell showed high adsorption capacity with high removal efficiency as an adsorbent in attenuating Cd ions (Ismail and Aris 2013) . Within a short time, it can adsorptively remove Cd ions with low energy consumption in an extreme condition.
This experimental batch of Cd adsorption onto the biosorbent was conducted to investigate the performance of calcium carbonate-rich biosorbent to adsorb Cd ions as an efficient and effective low-cost adsorbent. Scanning electron microscope (SEM)/ energy dispersive X-ray (EDX) analyses were applied for the surface characterization and to affirm the adsorption mechanisms. The effects of a different range of initial metal concentrations, contact time, pH and biosorbent dosage were also investigated to determine the optimum conditions to remove Cd ions. Various adsorption isotherm models, including Langmuir and Freundlich, were applied to the experimental data to evaluate the adsorption mechanisms of Cd ions in aqueous solution.
Methodology

Chemicals and reagents
All the chemicals and reagents used were of analytical grade and supplied by Merck (India) and Acros Organics (USA). The Cd stock solution (1,000 mg/L) was prepared by dissolving 2.744 g of cadmium nitrate tetrahydrate (Cd(NO 3 ) 2 ·4H 2 O, Acros Organics, USA) in 1.0 L of deionised water (water resistivity>18.2 Mohms cm at 25°C; Millipore, USA). The Cd stock solution was diluted with deionised water to obtain working solutions of 1-20 mg/L Cd concentrations for further batch experiments. In this case, reagents with NO 3 − was used as the background electrolyte of the solutions to maintain a relatively constant ionic strength since a high accuracy in metal concentration is required in order to use the adsorption isotherm models of Langmuir and Freundlich (Barriada et al. 2007 ). Hydrochloric acid (1.0 M HCl, Merck, India) and sodium hydroxide (1.0 M NaOH, Merck, India) were used to adjust the pH at the desired value throughout the batch experiments. All the laboratory apparatus were pre-cleaned with acid wash and soaked overnight in 5 % (v/v) nitric acid (HNO 3 , Merck, India) and rinsed with deionised water in order to ensure any contaminants and traces of cleaning reagent were removed before the analysis (Miretzky et al. 2006 ).
Preparation and characterization of C. fluminea shell as a biosorbent
For this research, CaCO 3 − C. fluminea shell, which is ubiquitous to many Asian countries, was selected as a biosorbent for the adsorption of Cd ions in aqueous solution. This aquatic bivalve mollusc, which belongs to the phylum Mollusca, class Bivalva and family Corbiculidae, are commercially available from common fish markets. Initially, the C. fluminea shells were washed with deionised water to remove dust adhering to the surface of the particles before being separated from their biological debris by steaming. Then, the C. fluminea shells were washed with deionised water without any special treatment. In addition, the C. fluminea shells were soaked in the 1 % NaOH solution at room temperature overnight and rinsed with deionised water to remove the protein Barriada et al. 2007; Evans et al. 2002) as well as any organic materials (Jha et al. 2009 ) attached to the surface of the shells. After 2-3 days of air-drying, the shells were ground using a pestle and mortar and sieved through 0.40-mm mesh screens. The sieved C. fluminea shells were then stored in pre-cleaned polyethylene bags and stored in desiccators prior to analysis. A physicochemical characterization of the C. fluminea shells was performed to obtain a better interpretation of the mechanism involved during the biosorption process as well as to explore the changes in its physical and chemical properties after the treatment. The bulk density, porosity, cation exchange capacity, adsorbent pH and particle density were determined and are listed in Table 1 . SEM and EDX analyses were conducted using an S-3400 N (Hitachi) scanning electron microscope coupled with an energy dispersive X-ray analyser. Samples were prepared by dispersing dry powder shell on a copper support and coated with gold by cathode deposition using the EMITECH K 550 X apparatus. The elemental analyses of carbon, oxygen, calcium and cadmium in Table 1 were obtained from the EDX analysis.
Cd adsorption of the C. fluminea shell The batch adsorption experiments of Cd ions were conducted to evaluate the parameters that control the adsorption mechanisms (Sheela and Nayaka 2012) . Generally, batch experiments were performed in acid-washed high-density polyethylene bottles by mixing 5 g of biosorbent with 1.0 L of Cd aqueous solution (initial concentration=5,000 μg/L). The biosorbent ratio was fixed at 1:5 (litres per gramme) (volume of water/weight of biosorbent). The bottles were equilibrated by continuous shaking using an orbital shaker (Model USA301, Stuart, UK) at a speed of 150 rpm to improve the contact between the biosorbent and solution, as well as to ensure a well-mixed and homogenized solution. Four batch experiments with different target variables were carried out to delineate the optimum conditions and influential factors of Cd adsorption.
The batch experiments on Cd adsorption included (1) studying the effect of contact time, in which a maximum of 72 h was chosen as the duration of treatment study, (2) studying the effect of different biosorbent dosage (1 to 9 g/L), (3) studying the effect of different initial Cd concentrations (1 to 20 mg/L) and (4) studying the effect of pH on biosorption (pH range of 3 to 12). For the fourth study (the effect of pH on Cd removal), a pH-adjusted experiment was conducted by adding the C. fluminea shell into the pHadjusted solutions according to the mentioned conditions. All batch experiments were conducted at an initial 5,000 μg/L Cd concentration for a period of 24 h, with an initial pH value of 7.05±0.02 and biosorbent dosage of 5 g/L unless otherwise mentioned.
In all batch experiments, samples were drawn at predetermined intervals of time (every 60 min up to 24 h) to get a better-defined breakthrough curve for Cd concentration analysis. The biosorbent was subsequently removed from the aqueous solution by filtration through 0.45 μm cellulose acetate membrane filters (Whatman Millipore, Clifton, NJ, USA). This step was to obtain the dissolved metal while avoiding the occurrence of clogging during analysis with spectrometry instruments. The Cd concentrations were analysed using inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, Perkin Elmer, USA) before and after adsorption. Each solution was preserved through acidification using concentrated nitric acid (HNO 3 ) and stored at 4°C prior to analysis. HNO 3 was selected as other common acids are not appropriate for use with ICP-MS because polyatomic species can be formed from their elements (Gamage and Shahidi 2007) . The pH of the solution was measured using a SevenGo Duo Pro-SG7 pH electrode probe (Mettler Toledo AG, Schwerzenbach, Switzerland). In addition, control experiments were performed under the same conditions but with the absence of a biosorbent. All batch experiments were conducted at constant room temperature (25±1°C) in duplicate to establish the reliability of the findings. All results were presented in mean values to confirm the accuracy and to remove anomalous results.
Performance evaluation of the C. fluminea shell on Cd adsorption Statistical analysis approaches using descriptive analysis and variance analysis (one-way ANOVA) were also employed using Predictive Analytics Software (PASW) Statistics 18. One-way ANOVA was applied in order to test the significance difference in the Cd adsorption mechanism, with the confidence interval accepted at 95 %. The evaluation on Cd removal efficiency (%) was calculated using the following equation:
where C 0 is the initial Cd concentration (milligrammes per litre) and C f is the final Cd concentration (milligrammes per litre). The amount of Cd ions bound by the biosorbent was calculated based on the difference in Cd concentrations in aqueous solution before and after adsorption, along with the volume of aqueous solution (1.0 L) and the weight of the biosorbent (5 g) using the following equation:
where metal uptake, q is the amount of metal sorbed per biosorbent (milligrammes per gramme), C i is the metal initial concentration (milligrammes per litre), C f is the final metal concentration at various time steps (milligrammes per litre), V is the volume of metal solution (litres) and W is the weight of biosorbent added (grammes). When adsorption reaches equilibrium, q is equal to q e where q e is the amount of metal ions concentration in equilibrium (milligrammes metal sorbed per gramme biosorbent), and C f is equal to C e where C e is the equilibrium concentration of metal ions in the solution (milligrammes per litre).
Adsorption isotherms of Langmuir and Freundlich models
The Langmuir and Freundlich isotherm models are common approaches for studying the adsorption equilibrium between the solid biosorbent and metal ions. The adsorption isotherm models were carried out under optimum conditions from two main parameters-initial concentrations and adsorbent dosages. Both the Langmuir and Freundlich isotherms are developed from the adsorbate uptake as a result of the adsorption capacity of the adsorbent (2) at equilibrium (q e and C e ). Therefore, based on the adsorption capacity (q e ), the Langmuir and Freundlich isotherms can be developed as follows. The Langmuir isotherm model assumes that formation of a monomolecular layer occurs when the adsorption takes place onto the surface without any interaction between the adsorbed molecules (Koto et al. 2010; Mashitah et al. 2008 ). The Langmuir isotherm equation is given by:
where q e is the amount of metal ions adsorbed per biosorbent (milligrammes per gramme), C e is the concentration of metal ions at equilibrium (milligrammes per litre), q max is the maximum adsorption capacity at monolayer (milligrammes per gramme) and b is the affinity adsorption constant for Langmuir. The linearized Langmuir isotherm is represented by:
A plot of C e /q e against C e gives a straight line with slope C e /q max and intercept of 1/bq max values. It is important to study the essential characteristics of the Langmuir isotherm, where the following equation describes a dimensionless constant separation factor (R L ):
The value of R L indicates the type of the isotherm to be either unfavourable (
Alternatively, the Freundlich isotherm model, which is a well-known empirical equation based on the heterogeneous surface sorption, is widely used to explain the adsorption mechanism. The Freundlich isotherm equation is given by:
where q e is the amount of metal ions adsorbed per biosorbent (milligrammes per gramme), C e is the concentration of metal ions at equilibrium (milligrammes per litre), K f and 1/n are Freundlich constants indicating adsorption capacity and the adsorption intensity of the system, respectively. The values of 1/n that lie between 0.1 to 1.0 show that the system corresponds to beneficial adsorption (Koto et al. 2010) . The linearized plot of ln q e against ln C e gives a straight line with a slope of 1/n and intercept of ln K f , as the equation below:
Results and discussion
Characteristics of the C. fluminea shell Figure 1 illustrates the X-ray mapping of the initial distribution of oxygen (Fig. 1a) , carbon ( Fig. 1b) and calcium ( Fig. 1c) on the C. fluminea shell composition, while the existence of Cd distribution after Cd loading can be clearly seen from Fig. 1d . The SEM images of the C. fluminea shell textural structure before and after Cd adsorption are shown in Fig. 2 . As can be observed from Fig. 2a , the SEM images do not indicate whole pore structures surface-made-of, but the surface of the C. fluminea shell is impregnated by calcite of the C. fluminea shell, where all of the shells presented small particles attached to the surface. The particles might be calcium (Ca) salts, as reported by Vijayaraghavan et al. (2009) . Figure 2b depicts that the C. fluminea shell surface became rougher, more eroded with more porous areas after Cd loading, as the Ca salts had been detached from the surface in the biosorption mechanism. These SEM images provide evidence that some Cd ions attached to the C. fluminea shell surface while some of the Cd ions replaced the Ca ions as their surface morphology is different from their origin. EDX was employed to confirm whether the electron dense part on the C. fluminea shell is made of Cd ions. The existence of Cd ions in the loaded C. fluminea shell was confirmed by EDX spectra; while the EDX spectrum for the initial C. fluminea shell (Fig. 3a) did not show the characteristic peak of Cd, the EDX spectrum of loaded Cd (Fig. 3b) clearly showed the peak of Cd intensity, which is proportional to the metal concentration. Both EDX spectra of before and after Cd loading showed strong calcium peaks, with the intensities higher than other components, same with the amount of carbon and oxygen and low amounts of Cd. The comparison of the major element contents (Ca, O and C) (Table 1) in the C. fluminea shell before and after Cd loading revealed by the EDX spectra indicated that the decreasing amounts of calcium (from 26.06 to 16.28 %), carbon (from 20.05 to 19.96 %) and oxygen (from 53.89 to 52.31 %) was mainly attributed to the partial dissolution of calcium carbonate (Suteu et al. 2012 ) from the C. fluminea shell matrix. Note that the presence of the Au and Pd peaks resulted from the coating procedure in the samples preparation for the SEM/EDX analyses, as small amount of conductive material was needed to carry away the charging electrons. This procedure did not have any effect on the samples morphology and composition but gave a high secondary electron yield with better image quality.
Performance of the C. fluminea shell on Cd adsorption
Effect of contact time
Parallel batch experiments were performed at constant adsorbent dosage (5 g/L) with an initial Cd concentration of 5,000 μg/L to observe the effect of contact time (from 1 to 72 h) on Cd adsorption by the C. fluminea shell. Figure 4 demonstrates the Cd uptake against the contact time, where it is clear that the Cd adsorption increased rapidly from the initial to 5 h until equilibrium was attained. The Cd adsorption increased slowly thereafter (from 5 to 72 h). Most of the Cd uptake occurred in the first 5 h. Such a short adsorption time was probably due to the highly efficient reaction caused by the composition of the C. fluminea shell. Rapid adsorption was observed in the first 5 h (91.52 % removal) while there was only an additional 7.98 % increment in the adsorption over the next 67 h. The Cd removal was nearly 100 % (98.72 %) after 24 h of being exposed to the biosorbent. Therefore, it is suggested that within 24 h, the highest Cd removal could be achieved since only 0.78 % additional Cd removal resulted in the next 2 days. Figure 4 also reveals that the adsorption equilibrium was reached within 24 h of the batch experiment, and that there were no significant changes (p>0.05, ANOVA) in Cd uptake after it reached the equilibrium.
The rapid adsorption might be due to the abundant availability of active sites on the biosorbent surface, and the sorption becomes less efficient on the plateau (the solution reached equilibrium) as these sites gradually became occupied (Kıpçak and Özdemir 2012) . As observed from Fig. 4 , close to 100 % of the Cd was removed within 24 h; thus adsorption experiments and isotherms could be conducted at this contact time as, in a sense, this time represents the equilibrium concentration of the solution.
Effect of adsorbent dose
Dosage of the adsorbent has a great influence on the adsorption process. In this study, the second batch series was conducted to study the effect of CaCO 3 − -rich C. fluminea shell dosage on the Cd adsorption mechanism. It was observed that the percentage of Cd removal increased when the adsorbent dosage increased. The removal increased significantly (p<0.05) as the dosage increased from 87.35 to 97.62 % and then tended to become constant as it reached >98 % removal. The highest Cd removal (98.93 %) was recorded from 9 g/L biosorbent dosage, while the minimum Fig. 1 X-ray map showing the initial distribution of a oxygen, b carbon, c calcium on the C. fluminea shell surface and X-ray map showing the distribution of d cadmium on the adsorbent surface after being exposed to Cd aqueous solution for 24 h was attained by the lowest dosage of 1 g/L C. fluminea shell (87.35 %). Based on the ANOVA test, only Cd removal from 1 and 3 g/L C. fluminea shell dosage had a significant difference (p<0.05), in contrast to 5, 7 and 9 g/L C. fluminea shell dosage (p>0.05). From the ANOVA test, it can be concluded that when the Cd adsorption achieved >98 % Cd removal, the C. fluminea shell provided adequate binding sites for the Cd ions. The results suggest that the maximum adsorption is attained at certain adsorbent dosage, made the total ions attached to the adsorbent and total amounts of free ions in the aqueous solution remains constant, yet further addition of dosage is made (Suteu et al. 2012) . Evaluation of the optimized C. fluminea shell dosage was undertaken for the high Cd removal (>98 %) with the insignificant (p>0.05) removal differential being only 1.31 % for a dosage of between 5 and 9 g/L. Thus, the 5 g/L C. fluminea shell dosage was chosen as the optimum amount of adsorbent and was used in the rest of the batch experiments. At this amount, the adsorption of Cd is efficient and saves the unnecessary use of an excess quantity of adsorbent. This indicates that a smaller amount of biosorbent dosage causes more competition for the active site while a greater availability of exchangeable sites can be found with higher amounts of biosorbent dosage. A similar trend was observed for the adsorption of Cd onto cashew nut shells . 
Effect of initial concentrations
The initial metal ion concentration establishes a significant driving force that allows the ionic transfer between the solid and aqueous phases (Ahmad et al. 2012) . The third batch series was conducted by varying the concentrations of Cd in a range of 1 to 20 mg/L at constant biosorbent dosage (5 g/L) and pH solution (7.05±0.02). The Cd adsorption capacity, q e (milligrammes per gramme), of different initial Cd concentrations resulted in increasing metal uptake when the initial Cd concentration was increased.
The increase in metal uptake with the increase in initial concentration might probably be attributed to the concentration gradient developed at the solid-aqueous interface. When the concentration of metal ions was high, the active site of the biosorbent received a higher amount of metal ions surrounding the sites, together with the process of adsorption that occurred continuously. This situation led to an increased uptake of metal ions from the aqueous solution (Ahmad et al. 2012; Anirudhan and Sreekumari 2011) . Therefore, the q e values increased as the initial metal concentrations increased. This showed a decrease in the percentage of metal ion removal efficiency at increasing metal ion concentrations, except for the 1 mg/L initial concentration (Fig. 5) . From the results obtained, it can be concluded that the binding rate of Cd ions between the biosorbent available active sites was initially high, but gradually decreased as equilibrium was attained. This revealed that the Cd adsorption was strongly concentration dependent. On the other hand, the total amount of metal ions available in the solution was less in the lower concentration compared to the number of the available sites on the C. fluminea shell. However, when the circumstances occurred in high concentration where the available sites for adsorption became fewer, the percentage of metal ion removal efficiency will also decrease. Figure 5 clearly shows that the lowest initial Cd concentration (1 mg/L) had a similar Cd removal as the 5 mg/L, and was only 0.47 % less than that for the 5 mg/L. However, the Cd adsorption recorded from the 1-mg/L batch experiment was very intense and reached equilibrium very rapidly, which made it very difficult to examine the adsorption. Therefore, with no significant difference (p>0.05, ANOVA) in the amount of Cd removed between 1 and 5 mg/L, the optimum initial Cd concentration is said to be 5 mg/L.
Effect of pH
The pH of a solution strongly affects the adsorption capacity of a biosorbent and has been identified as the major parameter controlling metal adsorption mechanisms (Suteu et al. 2012; John et al. 2011; Say et al. 2003) . The pH solutions greatly influence the ionization of functional groups of the sorbate due to the fact that protons are strong competing sorbates in the solution. Additionally, the pH value controls the chemical speciation of metal ions in the solution, and also determines the surface charge of the adsorbent (Suteu et al. 2012) . Therefore, the effect of initial pH on Cd adsorption was studied in the fourth batch series by employing initial pH values ranging from 3 to 12. This pH range demonstrated the acidic (pH 3 and 5), neutral (pH 7) and basic (pH 10 and 12) circumstances of the aqueous solutions. The pH solutions were allowed to naturally increase by the effect of the alkalinity of the C. fluminea shell. The final pH in these experiments ranged from 5.8 for the experiment with an initial pH of 3, to 12.1 for an initial pH of 12. It is noticeable that for the acidic experiments, the C. fluminea shell was able to increase the pH by at least 2 units; while in the base experiments, the increase was less than one unit. For the initial pH of 5 and 7, the final pH showed a plateau at around 7.7. In the control experiments, the final pH was very close to the initial pH. The results obtained confirmed that the initial pH of the solution had a substantial influence on the Cd adsorption with the maximum adsorption (approximately 96.20 %) occurring at an initial pH value of 7 (±0.03). It was noted that the pH solution for the maximum Cd adsorbed in this study was a good match to the pH value in the previous preliminary experiment conducted (data not shown), similar pH to obtain maximum Cd uptake. For the acidic pH of 3 (±0.06) and 5 (±0.01), the Cd adsorption capacities were only 51.34 % and 54.34 %, respectively. Similarly, drops in Cd adsorption were observed in the base condition, at pH values of 10 (±0.02) and 12 (±0.05) with 74.45 % and 70.45 % Cd removal, respectively, in the allotted contact time of 24 h. Barriada et al. (2007) reported a maximum Cd adsorption (more than 80 %) at neutral initial pH values (7.0 to 7.5) using crab shells of Maja squinado. The Cd adsorption increased for the pH values of aqueous solution that were nearly neutral and decreased when the pH approached a slightly alkaline condition (pH>7.5). However, Huang et al. (2012) observed the maximum adsorption for Cd at a pH of 7.0 when using lotus stalk-derived activated carbon as an adsorbent. As in the present study, the Cd adsorption decreased at both lower and higher pHs.
A reduction in the number of binding sites for Cd adsorption occurs at lower pH values (acidic solution) when the H + ions and the metal cations compete for the adsorption sites in the system, which leads to a partial release in the latter (Huang et al.2012) . The complete release of metal cations occurs under extreme acidic conditions (Abdel-Ghani et al. 2007 ). While with a higher pH value, the adsorption of Cd increases (comparing the acidic condition) due to the decreased inhibitory effect of H + , which decreases with the increase in pH.
Application of adsorption isotherm models
The data obtained from adsorption were fitted into the Langmuir and Freundlich linear equations. From the equations of the different obtained linear plots, the values of Langmuir and Freundlich constants, together with the correlation coefficients (R 2 ), were calculated and are presented in Table 2 . As can be observed from Table 2 , overall, the high correlation coefficients (R 2 >0.98) suggest that the Langmuir model is suitable for describing the adsorption behaviour of Cd onto the C. fluminea shell under the studied concentration ranges and adsorbent dosages. The plot of C e /q e against C e reveals that the linear line for the Langmuir model from different initial Cd concentrations and adsorbent dosages study was excellent, where R 2 values of 0.999 (Fig. 6a ) and 0.988 (Fig. 6b) , respectively, were obtained for the Cd adsorption model. Similarly, a plot of ln q e against ln C e yielded a linear line with a slope of 1/n and an intercept of ln K f based on different initial Cd concentrations (Fig. 7a) and various adsorbent dosages (Fig. 7b) . These linear lines also fit the Freundlich model well with R 2 values of 0.965 (initial Cd concentrations) and 0.904 (adsorbent dosages), although only slightly lower than the Langmuir model. The comparison of these two parameters showed that different initial Cd concentration parameters fit better in both models with higher R 2 values compared to the adsorbent dosages. The maximum adsorption capacity at monolayer, q max (milligrammes/gramme) from the Langmuir model defines the total capacity of the C. fluminea shell particles to be occupied by Cd ions. Similarly, the value of q max from the different initial concentrations (4.032 mg/g) and adsorbent dosage (0.864 mg/g) represent limiting boundaries in adsorption processes when the surface is fully attached by Cd ions (John et al. 2011 ). The value of 1/n for the Freundlich constant that lies between 0.1 to 1.0 showed that the adsorption system corresponds to beneficial adsorption (Koto et al. 2010) . From Table 2 , the 1/n value for different initial Cd concentrations was 0.483 and demonstrated a favourable adsorption mechanism occurred in the aqueous solution in terms of Freundlich model, while for various adsorbent dosages, it was not a favourable mechanism since the 1/n value is 2.762. The value of R L was found to be 6.69×10 . This confirmed that the C. fluminea shell is a favourable adsorbent for the adsorption of Cd under the conditions used in this experiment. Since the Langmuir isotherm model best describes the adsorption phenomenon, it could be concluded that the adsorption system consists of a fixed active sorption site that only allows one ion to be adsorbed in a monomolecular layer of biosorbent (Abdel-Ghani et al. 2007 ). Accordingly, the metal uptake was initially rapid, followed by a slower and plateau metal uptake, which reflects that the available sites for metal binding were becoming fewer and already compacted.
Previous studies have evaluated the cadmium removal capacities of several natural and synthetic adsorbents (Ali et al. 2011; Panuccio et al. 2009; Oliveira et al. 2008; Artola et al. 2000) . In general, the reported maximum adsorption capacities (q max ) ranged between 0.01 and 6.90 mg/g (Ali et al. 2011; Panuccio et al. 2009; Oliveira et al. 2008; Artola et al. 2000) , with exceptionally high values observed for the hybrid membrane (61.43 mg/g) (Irani et al. 2011) . Since all tests were conducted under different conditions, a direct comparison with the results obtained in this study cannot be made. Aside from the differences in the experimental conditions, differences in the properties of each adsorbent, such as structure, functional groups and surface area, do not allow for direct comparisons. However, the maximum Cd adsorption capacity of the C. fluminea shell appeared to be within the higher of the reported range (4.032 mg/g). The high adsorption value reported with hybrid membranes is likely to be due to the abundance of negatively charged functional groups, such as carboxylic acids, resulting from the modification process of the adsorbent, in comparison to those found in pure carbonate shells. As pure carbonate-rich adsorbent, the observed adsorption capacity in this study was relatively high, thus reinforcing the feasibility of employing the C. fluminea shell as a biosorbent for Cd removal from aqueous solutions. Apart from the metal uptake capacity, the major advantage of the C. fluminea shell as a low-cost adsorbent is that it is readily available in large quantities as waste, can be directly used without any modification or costly treatment, and does not present an alternative profitable use. The reusability of an adsorbent is crucial in practical applications. Typically, the regeneration of the used adsorbent, also known as the desorption step, could be carried out by treating with HNO 3 /HCl (0.5 M) in an equal ratio solution under vigorous stirring for 1 h, followed by washing with deionised water several times. After drying at room temperature, the regenerated adsorbent is then used for the next adsorption study. These approaches explain the management method for Cd-saturated adsorbents by showing the frequent reusability of the adsorbent without a decreasing loss in adsorption performance and their capacity to be utilized in industrial activities.
For field and environmental applications, untreated C. fluminea shell particles are a very cost-effective alternative. In this raw material, the total carbonate contents have proven to be an excellent source of buffering capacity, which rapidly increases the pH of the solution. As a result, the carbonate contents will contribute to the removal of Cd once the pH of the solution is increased due to the dissolution of the carbonate shell. In other words, the C. fluminea shell could act as a neutralizing agent in acidic solutions as well as effectively removing the Cd ions from aqueous solutions within 24 h. Under optimized circumstances, this approach is suggested for the pre-treatment of Cd-rich wastewater, such as landfill leachate and contaminated industrial effluents, before biological wastewater treatment. The removal of Cd ions and natural solution pH will not have a harmful effect on microorganisms, and simultaneously, contributes to the sustainability of the surrounding environment.
Conclusion
This research demonstrated an important advantage of the C. fluminea shell for the dynamic adsorption of Cd ions from aqueous solutions. This study described the mechanisms for dynamic characterization and optimization of Cd adsorption under serial batch studies. The effects of contact time, adsorbent dosages, initial concentrations and initial solution pH on the adsorption dynamic were also investigated. The results from the present study explained the role of inorganic elements, consisting mainly of calcium, which provided exchange sites for Cd ions while simultaneously functioning as a neutralizing agent for acidic solutions. The research showed that pH is the main factor affecting Cd removal and the adsorption dynamic rate onto the C. fluminea shell. Effective Cd removal was achieved at a neutral pH with a maximum adsorption of 96.20 %, while poor Cd removal was achieved in acidic and alkaline conditions. This has proven the highly effective Cd removal by the C. fluminea shell under extreme pH of 3-12. The adsorption process fitted best to the Langmuir isotherm (R 2 >0.98) of initial concentrations with high limiting capacity (4.032 mg/g) for adsorption of Cd; thereby providing evidence that the monolayer adsorption was totally concentration dependent. Hence, the CaCO 3 − -rich C. fluminea shell, which is a lowcost material and easily found in abundance in the environment, could be the best option for eliminating Cd ions from contaminated waters.
